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Members of the Ikaros family of zinc-ﬁnger transcription factors have been shown to be critical for
immune and blood cell development. However, the role of the most divergent family member, Pegasus,
has remained elusive, although it shows conservation to invertebrate Hunchback proteins that inﬂuence
embryonic patterning through regulation of homeodomain genes. Zebraﬁsh was employed as a relevant
model to investigate the function of Pegasus since it possesses a single pegasus orthologue with high
homology to its mammalian counterparts. During zebraﬁsh embryogenesis pegasus transcripts were
initially maternally-derived and later replaced by zygotic expression in the diencephalon, tectum,
hindbrain, thymus, eye, and ultimately the exocrine pancreas and intestine. Morpholino-mediated
knockdown of the zebraﬁsh pegasus gene resulted in disrupted left–right asymmetry of the gut and
pancreas. Molecular analysis indicated that zebraﬁsh Pegasus localised to the nucleus in discrete non-
nucleolar structures and bound the ‘atypical’ DNA sequence GN3GN2G, conﬁrming its presumed role as a
transcriptional regulator. In vivo transcriptome analysis identiﬁed candidate target genes, several of
which encoded homeodomain transcription factors. One of these, pitx2, implicated in left–right
asymmetry, possessed appropriate ‘atypical’ Pegasus binding sites in its promoter. Knockdown of
Pegasus affected both the level and asymmetry of pitx2 expression, as well as disrupting the asymmetry
of the lefty2 and spaw genes, explaining the perturbed left–right patterning in pegasus morphants.
Collectively these results provide the ﬁrst deﬁnitive insights into the in vivo role of Pegasus, supporting
the notion that it acts as a broader regulator of development, with potential parallels to the related
invertebrate Hunchback proteins.
& 2013 Elsevier Inc. All rights reserved.Introduction
Members of the Ikaros family of zinc-ﬁnger transcription
factors are typically expressed in hemato-lymphoid tissues, such
as the thymus and spleen, and have been shown to be essential
regulators of immune and blood cell development (Cobb and
Smale, 2005; John and Ward, 2011; Rebollo and Schmitt, 2003;
Schmitt et al., 2002). They are characterised by the presence of two
sets of zinc ﬁngers: an N-terminal array of four ﬁngers that
mediates DNA binding through recognition of consensus GGGAA
sequences in the regulatory regions of target genes, and a
C-terminal array of two ﬁngers that facilitates complex interac-
tions with other family members and a range of other transcrip-
tional regulators (Caballero et al., 2007; Hahm et al., 1998; Kelley
et al., 1998; Morgan et al., 1997). In this way, Ikaros family proteins
can both positively and negatively regulate a suite of downstream
genes.ll rights reserved.
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.Pegasus is the most divergent Ikaros family member and is
structurally distinct, containing only three N-terminal zinc ﬁngers
that bind to the ‘atypical’ sequence GNNNGNNG. Pegasus is also
able to interact with itself, but not with other family members
(Perdomo et al., 2000). Finally, Pegasus has been shown to be
broadly expressed in diverse adult organs, such as the brain, heart,
skeletal muscle, kidney and liver (Perdomo et al., 2000). These
properties are consistent with our recent evolutionary analysis of
the Ikaros gene family (John et al., 2009) that suggested Pegasus
may have a closer relationship to invertebrate Hunchback proteins,
which act as global developmental regulators (Pinnell et al., 2006).
The zebraﬁsh, Danio rerio, represents a relevant and accessible
vertebrate model for the study of development (Amatruda and
Patton, 2008; Berman et al., 2003; Meeker and Trede, 2008;
Spitsbergen and Kent, 2003; Ward and Lieschke, 2002). Impor-
tantly, strong overall conservation of sequence, expression
patterns and function between mammals and zebraﬁsh has been
demonstrated for several key transcription factors involved in
development (Dooley and Zon, 2000; Onnebo et al., 2004).
This extends to the zebraﬁsh ikaros orthologue, which has been
shown to be predominantly expressed in hemato-lymphoid tissues
and essential for the correct differentiation of B and T lymphocytes,
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et al., 2001).
Here we describe a detailed investigation of the in vivo function
of Pegasus using zebraﬁsh as a model. The pegasus gene showed a
broad and dynamic expression pattern during embryogenesis,
with targeted knockdown of the pegasus gene leading to disrupted
left–right asymmetry. Importantly, the homeodomain gene pitx2
was identiﬁed as a potential in vivo target of Pegasus, with the
asymmetrical expression of pitx2—as well as both lefty2 and spaw
—perturbed following Pegasus knockdown, providing insight into
the mechanisms underpinning the observed defects. This work
represents the ﬁrst functional analysis of Pegasus in vivo, and
supports a broader role for the protein compared to other Ikaros
family members.Material and methods
Bioinformatics and cloning
We have previously identiﬁed a sequence corresponding to the
zebraﬁsh pegasus gene (Acc. no. BN001214) (John et al., 2009).
The zebraﬁsh EST database was searched with this sequence using
BLASTN to identify potential splice variants, which identiﬁed the
ESTs AW305784, CK866959, DY563665, BQ263723 and AY394931.
Primers corresponding to the ﬁrst and last coding exons
(5′CATGAATTCGGCTCGCTGACGTTA, 5′AGTGCTGGTCCTCTCGCTGC
were used in RT-PCR to amplify potential splice variants affecting
the coding region, with all products generated sequenced in full. A
full-length cDNA clone corresponding to the pegasus EST variant
AY394931 was obtained from Open Biosystems (http://www.open
biosystems.com) and sequenced completely. Full-length zebraﬁsh
and human (Acc. no. BC022564) genes were cloned into pEGFP-N2
to generate in-frame EGFP fusion proteins, and sequences encod-
ing the N-terminal zinc ﬁnger array from zebraﬁsh Pegasus were
separately cloned into the pGEX4T vector to generate GST fusion
proteins.
Zebraﬁsh husbandry and embryo collection
Zebraﬁsh (Danio rerio) were maintained in the Deakin Uni-
versity PC2 Aquarium Facility according to standard husbandry
protocols (Lawrence, 2007). The aquarium cycles on a day/night
photoperiod of 14 h light/10 h dark with wild-type zebraﬁsh
stimulated to spawn in laying trays containing marbles at the
commencement of the light cycle. Embryos were collected,
washed and allowed to develop in egg-water (2.5% (w/v) Na2HPO4,
pH 6.0–6.3) at 28 1C. Embryos were transferred to egg-water
containing 0.003% (w/v) 1-phenyl-2-thiourea (PTU) to inhibit
pigment formation and enhance transparency.
Microinjection
Embryos were injected at the 1–4 cell stage using a 1.0 mm
capillary tube (SDR Clinical Technologies) modelled manually to ﬁt
the injection apparatus, and inserted in a Narishige MN-151
micromanipulator mounted on a Nikon SMZ 645 dissecting
microscope. Typical conditions included a pulse duration of 0.3 s
and a gas pressure of 400 kPa. Morpholinos targeting pegasus
(PegSSBMO: 5′GACATAAARRACCTCCTTGCAGATC, PegATGMO: 5′
GGTTCTGGCTTCTCCTCGCCCATTG and PegUTRMO: 5′GAGTCTTC-
CACTGTGGTCAAACAGG), p53 (p53MO: 5′GCGCCATTGCTTTGC
AAGAATTG) (Robu et al., 2007) and a scrambled morpholino
of random sequence (ScrambleMO: 5′CCTCTTACCTCAGTTACAATT-
TATA) were obtained from GeneTools and used at 1 mM in
1Danieau (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mMCa(NO3)2, 5 mM HEPES pH 7.6) and 1% (w/v) phenol red. For some
studies, capped pegasus and EGFP mRNA was produced using a
mMessage mMachine Kit (Ambion) and diluted to 100 ng/μl in
0.25 M KCl for injection.
Embryo analysis
Wholemount in situ hybridisation (WISH) was performed with
probes labelled with DIG (Roche), as previously described (Liongue
et al., 2009).
Sectioning of embryos
Samples were processed for embedding via washes in PBS,
followed by dehydration in a series of ethanol washes, followed by
washes in 50% (v/v) ethanol/xylene and 100% (v/v) xylene. Sub-
sequent washes in 50% (v/v) xylene/parafﬁn and 100% (v/v)
parafﬁn at 60 1C were performed, followed by 100% (v/v) parafﬁn
and overnight in 100% (v/v) parafﬁn. Samples were then
embedded in 100% (v/v) parafﬁn (Leica EG1120) and allowed to
set. Sections (5 μm) were cut on a microtome (Leica RM 2125 RT),
mounted, counterstained with Nuclear Fast Red and coverslipped
for viewing.
Cellular localisation
Human embryonic kidney (HEK) 293 T cells grown on cover-
slips in a 24-well plate were transfected with either pEGFP-N2 or
pEGFP-N2 containing zebraﬁsh or human Pegasus using Fugene
HD reagent (Roche). Forty-eight hours later cells were washed and
resuspended in 4% (v/v) PFA, before being incubated with SYTO81
(Invitrogen) to stain the nucleolus. Following this, coverslips were
washed and mounted on slides with DAPI/Antifade reagent
(Vector Laboratories) to stain the nucleus, before being sealed
with nail polish and allowed to dry at room temperature.
Filter-binding assay
Recombinant GST or GST-fusions with zebraﬁsh (this study) or
mouse (Perdomo et al., 2000) Pegasus N-terminal zinc ﬁnger
arrays were produced in E. coli BL21 cells and puriﬁed using
glutathione Sepharose beads (Amersham), following the manufac-
turer's directions. These were separated by SDS-PAGE and repli-
cate blocks either stained with Coomassie Blue or transferred to
nitrocellulose membranes. These were blocked overnight in Tris-
buffered saline containing 4% (w/v) BSA, 0.2 mM Zn2þ and 1 mM
dithiothreitol (DTT) and then incubated with annealed double-
stranded oligonucleotides corresponding to ‘consensus’ and
‘atypical’ Ikaros family binding sites labelled using T4 polynucleo-
tide kinase (PNK) (Invitrogen) and γ-32P-ATP (110 TBq/mmol,
3000 Ci/mmol) (Amersham), in fresh blocking buffer. Membranes
were then exposed to an imaging plate (Fujiﬁlm BAS-MS 2325),
which was quantiﬁed using a Fujiﬁlm BAS-1800 II imager.
Microarray analysis
Total RNA was isolated from approximately 20–50 zebraﬁsh
embryos using 1 ml TRIzol reagent (Life Technologies) and labelled
cDNA generated using a Quick Amp labelling kit (Agilent) following
the manufacturer's instructions; all experimental samples were
labelled with Cy3, whilst control samples were labelled with Cy5.
These were hybridised to microarray slides fabricated from Compu-
gen's zebraﬁsh 16 K 65-mer primer set (Adelaide Microarray Facility)
in a hybridisation chamber encased by a Lifterslip (Electron Micro-
scopy Supplies). Hybridisation was performed on triplicates of each
set, using a dye-swapping strategy as previously reported (Zahurak
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(Molecular Devices) linked to GenePix software (Molecular Devices)
to extract gene expression data, which was normalised and subjected
to statistical analyses.
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) and
quantitative Real-Time PCR (qRT-PCR)
Total RNA was reverse transcribed into cDNA (Promega) and
ampliﬁed by PCR with Go-Taq (Promega) on a My-Cycler thermal
cycler (Bio-Rad). RT-PCR products were visualised on a 2% (w/v)
agarose gel containing ethidium bromide and imaged using a
Chemidoc XRS (Bio-Rad). Gene expression was quantiﬁed by qRT-
PCR using SYBR-Green on a iCycler IQ5 (Bio-Rad) following the
manufacturer's instructions. Data retrieved from these assays were
analysed using the Livak method (Livak and Schmittgen, 2001).
Imaging
Images of embryos were taken on Olympus SZX-ILLK200 linked to
the DP Controller (version 2.1.1.183 Olympus Corporation) computer
program using DP Manager software program (version 2.1.1.163
Olympus Corporation). Slides were imaged on a Leica TCS NT micro-
scope (Monash Confocal). Selected images were then compiled using
Adobe Photoshop (version 9.0) and Adobe Illustrator (version 9.0).
Statistical analysis
Statistical analysis of WISH samples was performed using
GraphPad Prism (Version 4) software, with the unpaired indepen-
dent student t-test employed to determine the statistical signiﬁ-
cance of various treatments, typically with sample populations of
at least 20 embryos from each of three different injections.
Microrray analysis involved normalising the arrays using LOWESS
(locally weighted scatterplot smoothing) and then ﬁltering the
data. The Gap Statistic algorithm was used to estimate the
optimum number of proﬁle clusters within the dataset (Mingjin
and Keying, 2007) and variance in the data was examined using
the Principal Component Analysis (PCA). Finally, student t-tests
were conducted in Acuity (one-sample) and SPSS (two-sample) to
determine genes that were signiﬁcantly up- or down-regulated.Results
Zebraﬁsh pegasus is broadly expressed during embryogenesis
To gain insight into its in vivo role, expression from the zebraﬁsh
pegasus locus during development was characterized. Since extensive
alternative splicing has been described for other Ikaros family genes,
this possibility was directly investigated for pegasus. Comprehensive
bioinformatic analysis of EST databases identiﬁed three alternate
forms of pegasus, although variation in each case was restricted to
the non-coding region of the gene (Fig. 1A). Numerous primers were
designed to screen for other potential variants using total RNA
extracted from zebraﬁsh embryos and adult ﬁsh, but none were
identiﬁed. Indeed only variant 2 was signiﬁcantly represented (data
not shown). RT-PCR analysis using primers capable of detecting all
variants revealed pegasus transcripts were maternally derived, being
present in 4 cell stage embryos. Similar levels were seen at 24 h post
fertilisation (hpf) and maintained until 72 hpf, but then decreased by
7 days post fertilisation (dpf) and further in adult ﬁsh (Fig. 1B).
No products were observed in the absence of reverse transcriptase,
while parallel ampliﬁcation of the house-keeping gene β-actin
(Barrallo et al., 1999) conﬁrmed equivalent RNA input at each time-
point (Fig. 1B).To investigate the spatio-temporal expression of zebraﬁsh
pegasus during embryogenesis, whole-mount in situ hybridization
(WISH) of staged embryos was performed using a probe designed
to the central region of the pegasus coding sequence. From 1.25 hpf
to 4 hpf, maternally-derived pegasus transcripts were observed in
all cells of the developing embryo (Fig. 1C and E), but these
disappeared by 6 hpf (Fig. 1G). By 14 hpf, zygotically-derived
pegasus transcripts were observed fairly ubiquitously throughout
the embryo (Fig. 1I). In the pharyngula period (from 24 hpf),
strongest expression of pegasus was seen in the head, especially
in the forebrain, epiphysis and the developing eye (Fig. 1K). During
the hatching period (around 48 hpf), the strong anterior expres-
sion of pegasus continued and extended to the hindbrain and
developing ﬁns (Fig. 1M). No staining was seen with the sense
probe at any of these early time points (Fig. 1D, F, H, J, L and N).
At 72 hpf, expression throughout the head remained, but also
included the emerging thymic region (Fig. 1O), with expression
speciﬁcally observed in the diencephalon, tectum, optic chiasm,
iris and ganglion cell layer of the eye (Fig. 1Q). Expression of
pegasus was also observed in the presumptive gut (Fig. 1O).
However, the sense control also showed some staining at 72 hpf,
albeit at a consistently lower level mainly in the head (Fig. 1P),
placing a caveat on this time-point. By 7 dpf, expression of pegasus
in the head of the embryos had decreased, although staining of
gut-associated tissues, in particular the exocrine pancreas, intes-
tines and liver was still evident (Fig. 1R and T). Some staining was
also visible with the sense probe, although again at a much lower
level and not in the gut or associated organs (Fig. 1S).Targeted knockdown of zebraﬁsh pegasus disrupts left–right
asymmetry
Since pegasus was found to be expressed throughout embry-
ogenesis, anti-sense morpholino-knockdown technology
(Nasevicius and Ekker, 2000) could be utilised to investigate its
in vivo function. The pegasus gene was independently targeted
with three antisense morpholino oligonucleotides: PegSSBMO,
targeting a splice-site, PegATGMO, targeting the start codon, and
PegUTRMO, targeting the 5′ untranslated region (Fig. 2A), which
were injected into 1–8 cell embryos. RT-PCR was performed on
embryos injected with PegSSMO using primers spanning the
targeted splice-site (Fig. 2A), revealing a single band of the
appropriate size in embryos injected with the ScrambleMO that
was substantially reduced in intensity for embryos injected with
PegSSBMO, conﬁrming effective targeting of the pegasus gene
(Fig. 2B and C). No products were observed in the absence of
reverse transcriptase, conﬁrming genomic DNA was not present,
while parallel ampliﬁcation with primers speciﬁc for β-actin
(Lieschke et al., 2002) conﬁrmed equivalent RNA input.
Embryos injected with the pegasus morpholinos were moni-
tored at key stages throughout development in comparison to
those injected with the control scrambled-morpholino. No abnor-
mal phenotypes were observed at early time points following
morpholino injection (data not shown). From 20 to 22 hpf cells in
the developing head of pegasus morphant embryos appeared
discoloured, with these embryos exhibiting various anterior
defects. However, these phenotypes were reminiscent of those
elicited by morpholino-induced apoptosis mediated via p53 (Robu
et al., 2007). Co-injection of a morpholino targeting p53 ablated
these phenotypes, indicating that they were non-speciﬁc (data not
shown). Inspection of pegasus morphants at 3 dpf suggested gut
looping was disrupted, consistent with pegasus expression in this
area. This phenotype was not ablated by co-injection of the p53
morpholino, indicating it was a speciﬁc consequence of Pegasus
knockdown.
Fig. 1. Zebraﬁsh pegasus is broadly expressed during embryonic development. (A) Alternate splicing of zebraﬁsh pegasus. The exon–intron structure of three alternatively
spliced variants (1–3) of pegasus identiﬁed through ESTs. Coding and non-coding regions are displayed as thick or thin lines, respectively, with spliced introns shown with
dashed lines. (B) Expression analysis of pegasus using RT-PCR. Total RNA was extracted from 4 cell, 24 hpf, 48 hpf, 72 hpf and 7 dpf embryos, as well as adult ﬁsh, and
incubated in the presence of reverse transcriptase (RT), except for a control (24 hpf) sample in which the RT was omitted (RT-). PCR was performed on these samples using
primers speciﬁc for pegasus and β-actin, as indicated. (C–T) Spatio-temporal expression of pegasus during embryogenesis. Zebraﬁsh embryos at 1.25 hpf (C–D), 4 hpf (E–F),
6 hpf (G–H), 14 hpf (I–J), 24 hpf (K–L), 48 hpf (M–N), 72 hpf (O–Q) and 7 dpf (R–T) were analysed by whole-mount in situ hybridisation (WISH) using either antisense (AS: C,
E, G, I, K, M, O, Q, R, and T) or sense (S: D, F, H, J, L, N, P, and S) probes speciﬁc for the pegasus gene, as indicated. Panels Q and T represent sectioned WISH embryos stained
with Fast Red. The dashed lines in panel I and J indicate the position of the developing embryo. Expression of pegasus is evident by purple staining in the following labelled
structures: b—body; di—diencephalon; le—lens; ep—epiphysis; fb—forebrain; ﬁ—ﬁn; g—gut; gcl—ganglion cell layer; h—head; hb—hindbrain; i—intestine; ir—iris; mc—
mandibular cartilage; oc—optic chiasm; ov—otic vesicle; p—pancreas (exocrine); s—sphere stage embryo; t—tectum; th—thymus; and 8c—8 cell embryo.
L.B. John et al. / Developmental Biology 377 (2013) 46–54 49The pegasus morphant embryos were further analysed with
markers speciﬁc for the gut (intestinal fatty acid binding protein,
ifabp) (Mudumana et al., 2004), and endocrine pancreas (insulin)
(Milewski et al., 1998). Analysis of ifabp expression revealed a similar
intensity of staining in pegasusmorphants (Fig. 2E and H), compared
to controls (Fig. 2D). However, in around half of PegATGMO (45.6%,
n¼121) or PegSSBMO (44.0%, n¼75) morphants the gut was
incorrectly positioned to lie either in the middle or loop to the right
side of the embryos, compared to the normal left-sided looping
(Fig. 2E–I). Equivalent effects were seen with p53MO co-injection
(Fig. 2J–M: 42.8%, n¼35; p40.05 compared to PegATGMO). Expres-
sion of insulin in the pancreatic islets was also disrupted from its
normal position on the right-hand side in ScrambleMO embryos
(Fig. 2N) to the left or central position, as seen in PegATGMO-injected
embryos (Fig. 2O and P). Co-injection of a morpholino-resistant
Pegasus mRNA largely alleviated the disrupted left–right patterning
phenotypes (Fig. 2Q–T).
Molecular analysis of zebraﬁsh Pegasus
To further investigate Pegasus, a series of in vitro experiments
were also performed. Firstly, expression constructs were made in
which zebraﬁsh or human Pegasus was fused in-frame to EGFP andtransfected into HEK293T cells, and their sub-cellular localisation
determined by confocal microscopy. EGFP-tagged zebraﬁsh (Fig. 3B)
and human (Fig. 3C) Pegasus were both located in discrete spots
within the nucleus, in contrast to EGFP alone, which was seen
throughout the cytoplasm (Fig. 3A). Further analysis using SYTO81
to speciﬁcally stain the nucleolus (Zimber et al., 2004), demon-
strated EGFP-Pegasus was conﬁned to a non-nucleolar compartment
(Fig. 3D). Secondly, GST-fusions of the zebraﬁsh and mouse Pegasus
N-terminal zinc ﬁnger array were puriﬁed from bacteria to investi-
gate DNA binding speciﬁcity. The puriﬁed proteins were run on
replicate SDS-PAGE gels, one of which was stained with Coomassie
blue, revealing bands around the expected molecular weights for
mouse GST-Pegasus N-terminus, zebraﬁsh GST-Pegasus N-terminus
and GST-alone (Fig. 3E, top panel). The other gels were transferred to
nitrocellulose membranes and incubated with radiolabelled double-
stranded oligonucleotides representing either the ‘atypical’ binding
site previously identiﬁed for mouse Pegasus, GNNNGNNG (Perdomo
et al., 2000) (Fig. 3E, middle panel), or the consensus Ikaros binding
site, GGGAA (Molnar and Georgopoulos, 1994) (Fig. 3E, bottom
panel). Both mouse and zebraﬁsh GST-Pegasus N-terminal fusions
bound to the atypical site (Fig. 3E, middle panel), but not to the
consensus Ikaros site. No binding was observed for a GST-alone
control for either probe.
Fig. 2. Targeted knockdown of zebraﬁsh pegasus. (A) Targeting of pegasus with anti-sense morpholinos. Portion of the zebraﬁsh pegasus gene showing encoded amino acids
below the corresponding nucleotide sequence, with numbering at the left (nucleotide—black; amino acid—pink). Exons are shown in upper-case and introns in lower-case.
The relative positions of the morpholinos targeting pegasus are indicated: PegUTRMO, targeting the 5′ untranslated region; PegATGMO, targeting the start codon (bold and
red), and PegSSBMO, targeting a splice-site. Arrows (green) indicate the location of primers used to quantify the extent of pegasus knockdown with PegSSBMO. (B–C)
Conﬁrmation of knockdown by splice-site morpholino. Total RNA was extracted from 24 hpf embryos injected with a scrambled morpholino (ScrambleMO) or splice-site
morpholino (PegSSBMO), and incubated in the presence (þ) or absence (−) of reverse transcriptase (RT), as indicated. PCR was performed on these samples using the pegasus
primer set indicated in panel A, with β-actin gene-speciﬁc primers as a control (B). The extent of knockdown was quantiﬁed by densitometric analysis of these bands across
three independent experiments (C). (D–T) Molecular analysis of the developing gut and pancreas in pegasus morphants. Embryos injected with scrambled morpholino
(ScrambleMO: D, N, J), pegasus ATG morpholino alone (PegATGMO: E, F, K, O, R), or with p53 morpholino (PegATGMOþp53MO: L) or morpholino-resistant mRNA
(PegATGMOþmRNA: S), or pegasus splice-site blocking morpholino (PegSSBMO: G, H) were subjected to WISH at or 3 dpf with the gut-speciﬁc ifabp (D–H, J–L) and
pancreas-speciﬁc insulin (N–O, Q–S) genes. Embryos are of dorsal view, with anterior to the left, with purple staining evident. Embryos were quantiﬁed with respect to the
percentage expressing ifabp (I, M) or insulin (O,T) on the left, right or middle following injection with scrambled (Scr), PegATG (Peg), PegSSB (Peg-SSB) and p53 (p53)
morpholino or morpholino-resistant mRNA (mRNA), as indicated.
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Pegasus as a transcriptional regulator. Therefore, to identify
potential in vivo gene targets of Pegasus, a sophisticated tran-
scriptome analysis strategy was performed utilising zebraﬁsh
microarrays (Fig. 3F). Total RNA was separately extracted from
paired sets of embryos at 24 hpf, converted to labelled cDNA, and
hybridised to slides to elucidate changes in expression between
samples. In order to provide a consensus view of genes dysregu-
lated by pegasus knockdown the ﬁrst set consisted of PegUTRMO-
injected versus ScrambleMO-injected embryos and the second set
of PegATGMO-injected versus ScrambleMO-injected embryos. This
revealed 72 genes with an average fold change4±0.5 across both
UTRMO versus ScrambleMO and ATGMO versus ScrambleMO
samples. As a corollary, a third set consisted of embryos injected
with pegasus mRNA compared to EGFP mRNA to identify thosegenes also dysregulated by pegasus over-expression. Twelve of the
72 genes showed evidence of modulation (4± 0.2-fold) in the
opposite direction in samples injected with pegasus mRNA. Of
these, the identity of 9 could be deﬁnitively assigned: four genes
(srp54, slc2a5, cbx3a, and pbx1) displaying positive regulation and
ﬁve genes (pitx2, cdx4, apc11, pouII, and cxxc1) displaying negative
regulation by Pegasus, as conﬁrmed by qRT-PCR (Fig. 3F). Inter-
estingly, many of these act as transcriptional regulators, including
several homeodomain genes.
Altered expression of pitx2 and other asymmetrical genes in pegasus
morphants
Of the putative target genes, pitx2 encodes a bicoid-type
homeodomain transcription factor, which plays a major role in
Fig. 3. Molecular analysis of zebraﬁsh Pegasus. (A–D) Localisation of Pegasus. Immunoﬂuorescence analysis of HEK293T cells transfected with constructs expressing EGFP
alone (A), or fused to zebraﬁsh (B, D) or human (C) Pegasus. These were stained with DAPI alone (blue: A–C) or co-stained with SYTO81 (red: D). The relative positions of the
nucleus (n), nucleolus (nu) or cytoplasm (c) are indicated. (E) DNA binding properties of Pegasus in vitro. Puriﬁed GST or GST-fusions of zebraﬁsh or mouse Pegasus
N-terminal zinc ﬁnger domains (zPegN-GST and mPegN-GST, respectively) were separated on replicate SDS-PAGE gels that were either stained with Coomassie Blue (upper
panel) or transferred to a nitrocellulose membrane and probed with 32P-radiolabelled double-stranded oligonucleotides representing either the Pegasus binding site (middle
panel) or Ikaros binding site (lower panel) with binding detected by autoradiography. The position of size markers are indicated on the left-hand side in each case. The
dashed box highlights the faint band detected for the zPegN-GST sample. (F) In vivo gene expression analysis. Flow diagram outlining the protocol for global gene expression
analysis. Total RNA was extracted from replicate sets of embryos injected with pegasus morpholino (PegUTRMO/PegATGMO) or control morpholino (ScrambleMO), and
pegasus mRNA or GFP mRNA control. These sets were differentially labelled and hybridised to zebraﬁsh-speciﬁc microarray slides, which were scanned, and the data
extracted, normalised and subjected to the various statistical analysis. From the genes that showed opposite regulation in knockdown versus overexpression experiments,
the Pegasus-mediated regulation of those of known identity was conﬁrmed by qRT-PCR. These are listed according to their mode of regulation.
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et al., 1999; Levin, 2005; Shiratori et al., 2006; Wang and Yost,
2008), and so represented a strong potential candidate to explain
some of the defects observed in pegasus morphants. Indeed,
microarray analysis identiﬁed pitx2 as displaying the highest
change in expression following pegasus knockdown (0.98-fold
increase) and a 0.34-fold decrease in samples injected with
pegasus RNA, while qRT-PCR analysis performed on pegasus ATG
morphants and ScrambleMO controls conﬁrmed pitx2 expression
was signiﬁcantly up-regulated (0.53-fold) (Fig. 4A). Analysis of the
promoter region of the pitx2 gene revealed ﬁve possible atypical
Pegasus binding sites (Fig. 4B) suggesting it might be a directtarget gene. WISH analysis conﬁrmed increased pitx2 expression in
pegasus morphants in two domains: the hatching gland (Fig. 4G)
and the lateral plate mesoderm, where the normal left-sided
expression was expanded, and often extended across both sides
or was entirely right-sided (Fig. 4H and I). Expression of pitx2
elsewhere, such as in Rohon–Beard neurons, was unaltered,
providing a useful internal control for these experiments.
The lefty genes have been shown to deﬁne the left–right axis
(Essner et al., 2000). Control embryos displayed the typical left-
sided lefty2 expression (Fig. 4J and K), while pegasus morphants
exhibited left-sided (Fig. 4L and M), two-sided (Fig. 4N and O) and
right-sided (Fig. 4P and Q) expression (Fig. 4R: 52.0%, 26.5%, 21.0%,
Fig. 4. Altered regulation of left–right asymmetry genes in pegasus morphants. (A) Expression proﬁles of zebraﬁsh pitx2. Fold change in expression of pitx2 in embryos
injected with Pegasus morpholino (MO) or RNA (over-expression) as determined by microarray analysis and qRT-PCR, as indicated in Fig. 3F. (B) Analysis of the zebraﬁsh
pitx2 gene promoter. Sequence of the 500 bp immediately upstream from the transcriptional start site of zebraﬁsh pitx2 revealing several potential ‘atypical’ Pegasus
(GNNNGNNG) binding sites (arrows above). (C–H, J–Q, T–U) WISH analysis of pitx2, lefty2 and spaw. Embryos injected with scrambled morpholino (ScrambleMO: C–E, J–K, T)
or pegasus ATG morpholino (PegATGMO: F–H, L–Q, U–V) were subjected to WISH using antisense probes targeting pitx2 (C–H) and lefty2 (J–Q) at 22 hpf and spaw (T–V) at
16 hpf. Embryos are of lateral (C, F) or oblique dorsal (D–E, G–H, J–Q, T–V) view, with anterior to the left. (I, R, S, W) Asymmetry of pitx2, lefty2 and spaw. Quantitation of the
percentage of embryos expressing pitx2 (I), lefty2 (R, S) or spaw (W) speciﬁcally on the left, right or both, when injected with Scramble morpholino (Scr), pegasus ATG
morpholino (Peg) or pegasus ATG and p53 morpholinos (Pegþp53).
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p53MO (Fig. 4S: 58.6%, 20.7%, 20.7%, respectively; n¼29; p40.05
compared to PegATGMO). Given this result, the southpaw (spaw)
gene was also analysed, as it is known to be an early regulator of
the left–right axis (Long et al., 2003). Its asymmetrical expression
pattern was also altered in pegasus morphants (Fig. 4T–W).
The frequency of perturbation of pitx2, lefty2 and spaw were
similar, and also closely matched that of gut and pancreas mis-
localisation, suggesting a likely causal relationship.Discussion
Pegasus was the last member of the Ikaros family to be
discovered and found to be the most divergent, with regard to
sequence homology, adult expression proﬁle, as well as DNA and
protein binding speciﬁcity (Perdomo et al., 2000). Indeed, we have
suggested it may retain a more ancestral function related to
its conservation with Hunchback proteins from invertebrates
(John and Ward, 2011; John et al., 2009), consistent with therecent discovery of so-called Hunchback and Ikaros-like (HIL)
genes in C. elegans (Large and Mathies, 2010). Using the zebraﬁsh
as a powerful alternative developmental model, this study has
provided the ﬁrst deﬁnitive insight into the in vivo function of
Pegasus, identifying a potential gene target to mediate its effects.
Comprehensive bioinformatic and RT-PCR analysis revealed
just three alternate splice variants of zebraﬁsh pegasus with the
differences restricted to the non-coding region of the gene.
Interrogation of relevant mouse and human gene databases
identiﬁed similar alternate transcripts not affecting the coding
sequence in mammals (data not shown), which is in stark contrast
to the multiple protein isoforms reported for Ikaros, Helios and
Aiolos (Cobb and Smale, 2005). Other Ikaros members are also
known to localise speciﬁcally to centromeric heterochromatin
around the nucleolus in lymphoid cells to regulate gene expression
(Carvalho et al., 2001; Cobb et al., 2000; Hahm et al., 1998; Morgan
et al., 1997). However, the Pegasus-EGFP was shown to localise
away from the nucleolus, in an alternative macromolecular orga-
nelle. Finally, recombinant GST-fusions of the N-terminal zinc
ﬁnger arrays of zebraﬁsh and mouse Pegasus were found to bind
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than the consensus Ikaros site. These studies conﬁrmed both the
conservation of zebraﬁsh and mammalian Pegasus, as well as
further emphasising the divergence of Pegasus from other Ikaros
proteins.
Whole-mount in situ hybridisation analysis was used to provide
the ﬁrst insight into the embryonic expression of this gene,
revealing a complex and dynamic spatio-temporal expression
proﬁle. Maternally-derived pegasus transcripts were seen in very
early embryos (1–4 hpf) and then waned to be undetectable by the
shield stage (6 hpf), before zygotic expression of the gene from
14 hpf, coincident with the establishment of the embryonic body
plan. Expression of pegasus continued throughout embryonic
development to at least 7 dpf and was largely conﬁned to the
anterior of the early embryo, especially the developing forebrain,
hindbrain, eye ﬁeld and thymus, and later in the liver, pancreas
and intestine. This proﬁle showed some overlap with the broad
expression described for Pegasus in adult human tissues, where
higher expression was observed in the brain, heart, skeletal
muscle, kidney and liver (Perdomo et al., 2000). Again, this is
signiﬁcantly different from the largely hemato-lymphoid speciﬁc
expression of other Ikaros family members.
Morpholino-mediated gene knockdown of zebraﬁsh pegasus
provided the ﬁrst insight into the in vivo function of this protein.
Visual inspection from 3 dpf revealed altered intestinal looping in
a signiﬁcant proportion of Pegasus morphants, consistent with the
strong expression of pegasus in this region. Therefore, further
analysis examined the expression of ifabp and insulin as markers of
the intestine and endocrine pancreas, respectively (Milewski et al.,
1998; Mudumana et al., 2004). The expression level of ifabp was
unaltered in pegasus morphants, but a substantial number showed
incorrect looping of the intestine, that either looped to the right or
lay on the midline. Levels of insulin expression in the pancreatic
islets was also unchanged, but the staining revealed that the
normal asymmetrical positioning of the pancreas was also dis-
rupted. This indicated that overall left–right organ speciﬁcation
was affected in the Pegasus morphants.
The bicoid-type homeodomain transcription factor pitx2 plays a
major role in asymmetric morphogenesis, with expression of the
gene commencing in the left LPM of mice, frog and zebraﬁsh
embryos (Bisgrove and Yost, 2001; Campione et al., 1999; Levin,
2005; Shiratori et al., 2006; Wang and Yost, 2008). Pitx2 knockout
mice and frogs manifest left–right defects in many organs, includ-
ing the abnormal rotation of the duodenum colon and pancreas
(Campione et al., 1999; Essner et al., 2000; Shiratori et al., 2006),
while pitx2 knockdown in zebraﬁsh produced defects in gut
development (Essner et al., 2000). Importantly, ectopic expression
of Pitx2 also led to variable reversal of gut situs (Logan et al., 1998).
Using a multi-layered microarray analysis strategy, pitx2 was
identiﬁed as the most highly regulated of the 9 known genes
modulated by pegasus knockdown and in the opposite manner by
pegasus overexpression. Its negative regulation by Pegasus was
conﬁrmed using Real-Time PCR, while analysis of its promoter
revealed the presence of multiple potential Pegasus binding sites—
conserved for the human gene (data not shown)—suggesting it
may represent a direct gene target.
Further investigation of pegasus morphants revealed that the
expression pattern of pitx2 was altered. Expression in certain areas
was up-regulated (e.g. hatching gland) but not in others (e.g. Rohon–
Beard cells). However, importantly, the laterality of its expression in
the lateral plate mesoderm was altered. Similar perturbation of
asymmetrical expression was seen for left–right gene, lefty2, as well
as spaw, a gene that helps to establish this axis (Long et al., 2003).
Since these genes lie upstream of pitx2, their altered expression likely
impacts on the asymmetrical pitx2 expression pattern independently
of whether pitx2 is direct Pegasus target.Conclusions
This study has provided considerable new insight into the most
divergent Ikaros family member, Pegasus. It has revealed a broad
embryonic expression proﬁle that is later conﬁned to the brain and
gut with knockdown of pegasus leading to altered laterality of the
gut and associated organs. Zebraﬁsh Pegasus was shown to exhibit
nuclear localisation and conserved ‘atypical’ DNA binding speciﬁ-
city, and so a multi-step transcriptome analysis strategy was used
to identify potential gene targets. This identiﬁed both positively
and negatively regulated genes, consistent with the known tran-
scriptional regulatory function of other Ikaros members. The most
highly regulated gene, pitx2, possessed multiple ‘atypical’ Pegasus
sites in its promoter indicating it may be a direct target, which
suggests that further investigation of potential parallels with
invertebrate Hunchback genes might be warranted. Importantly,
pegasus knockdown was shown to disrupt both the overall level
and the normal asymmetric expression of pitx2, as well as other
genes affecting left–right asymmetry, lefty2 and spaw, providing a
mechanism to explain the disrupted visceral organ laterality
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